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(54) System and method for mitigating cross-saturation in optically amplified networlcs 



(57) A system and method of protecting all the am- 
plifiers in a link between wavelength routing network el- 
ements of an optical network. According to the inven- 
tion, an optical control channel is added before a plural- 
ity of optical amplifier, preferably the first amplifier, in a 
link. To prevent improper loading of downstream links, 
the control channel is stripped off at the next wavelength 
routing network element. The power of the control chan- 
nel is automatically adjusted using a fast feedback cir- 



cuit to hold substantially constant the total power of the 
signal channels and the control channel at the input of 
the first amplifier following the feedback loop. In this 
manner, channel loading of alt optical amplifiers in the 
link is maintained substantially constant, and the inci- 
dence of error bursts, as might otherwise result when 
one or more channels are added or dropped due to a 
network fault or reconfiguration, is substantially re- 
duced. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention ^ 

The present invention relates generally to optical 
fiber communication networks and, more particularly, to 
systems and methods for dynamically controlling gain 
in accordance with the collective behavior of the ampli- 
fier chains employed in the links of such networks. 

Description of the Background Art 

A dramatic increase in the information capacity of 
an optical fiber can be achieved by the simultaneous 
transmission of optical signals over the same fiber from 
many different light sources having properly spaced 
peak emission wavelengths. By operating each light 
source at a different peak wavelength, the integrity of 
the independent messages from each source is main- 
tained for subsequent conversion to electric signals at 
the receiving end. This is the basis of wavelength divi- 
sion multiplexing (WDM). 

Wavelength switched optical networks potentially 
offer high capacity networking at lower cost than current 
electronically switched networks. The optical amplifiers 
in the nodes and repeaters of such networks will each 
be traversed by multiple signal channels following di- 
verse routes. In optical amplifiers such as rare-earth 
doped fiber amplifiers (e.g., erbium doped fiber amplifi- 
ers - EDFA's), amplified spontaneous emission (ASE) is 
the major source of noise. ASE originates from the spon- 
taneous emission of incoherent light over the broad gain 
bandwidth of the amplifier and constitutes the random 
noise contribution of the amplifier. If the signal powers 
in the transmission fibers are too high, optical nonline- 
arities such as Stimulated Brillouin Scattering (SBS) can 
also occur and further degrade the signals by introduc- 
ing noise. In the wavelength domain, gain saturation in- 
duced by a data channel operating at produces a lev- 
el change in another data channel at wavelength A^. 

In optically amplified systems, the above-described 
noise sources present two limitations on the amplifier 
operating range. At low input signal levels the amplifier 
random noise conthbution. ASE. causes bit errors (sig- 
nal-spontaneous beat noise) while at large input signal 
levels, nonlinearities in the transmission fiber add noise 
and can also degrade performance. As such, fluctua- 
tions in the transmitted data stream - as may occur, for 
example, when one or more wavelength channels are 
added or dropped - can have a substantial effect on the 
reliability and quality of service in a multi wavelength net- 
work. Illustratively the number of channels traversing 
an EDFA may change suddenly as a result of a network 
reconfiguration or a fault that interrupts some of the 
channels. Cross saturation in the affected optical ampli- 
fiers of a network will induce power transients in the sur- 



viving channels, the speed of which is proportional to 
the number of amplifiers in the network; for large net- 
works, surviving channel power transients can be large 
and extremely fast. If their power levels exceed thresh- 

5 olds for optical nonlinearities or become loo low to pre- 
serve adequate eye opening, the surviving channels tra- 
versing the optical amplifier will suffer error bursts. 

The gain medium in a rare-earth doped optical fiber 
amplifier such, for example, as an EDFA has a compar- 

10 atively long excited state lifetime or relaxation time, and 
for this reason is generally regarded as allowing for a 
larger saturation energy and, hence, as exhibiting virtu- 
ally no saturation in response to high speed data pulses 
(1 ns). In fact, it has been reported that transient effects 

15 of gain saturation and recovery in an individual amplifier 
typically occur on a 1 00 ^tsec - 1 msec time scale. [Des- 
un^ire et al., Erbium Doped Fiber Amplifiers, p. 412 
(1 994)]. The inventors herein, have, however, obsen/ed 
gain dynamics in a chain of EDFA's almost two orders 

20 of magnitude faster than this and, for large scale wave- 
length routed networks, gain dynamics three orders of 
magnitude may be predicted. These fast transients in 
chains of amplifiers may ultimately constrain the design 
or extent of multiwavelength optical networks. Accord- 

25 ingly, there is recognized a need for a technique by 
which the amplifiers employed in optical networks can 
be reliably controlled despite power level fiuctuations in 
the respective wavelength channels or, in the case of 
time division multiplexed networks, individual time slots. 

30 

SUiViiViARY OF THE INVENTION 

The aforementioned need is addressed, and an ad- 
vance is made in the art, by a system and method of 

05 protecting, on a link-by-link basis, the surviving chan- 
nels in a link between wavelength routing network ele- 
ments (NE's). According to the invention, an optical con- 
trol channel is added before a plurality of optical ampli- 
fiers in a link. To prevent improper loading of down- 

40 stream links, the control channel is stripped off at the 
next wavelength routing network element. The power of 
the control channel is automatically adjusted using a fast 
feedback circuit to hold substantially constant the total 
power of the signal channels and the control channel at 

■^5 the input of the first amplifier. In this manner, channel 
loading of all optical amplifiers in the link is maintained 
substantially constant, and the incidence of error bursts, 
as might otherwise result when one or more channels 
are added or dropped due to a network fault or recon- 

50 figuration, is substantially reduced. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above features and advantages of the present 
55 Invention will become apparent from the ensuing de- 
scription of several preferred exemplary embodiments, 
which should be read in conjunction with the accompa- 
nying drawings, in which: 
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FIG. 1 is a block diagram depicting a portion of an in telocommunications applications, for example, is cen- 

illustrative optical network employing chains of op- tered at 1 550 nm. The gain profile of a rare-earth doped 

tical amplifiers and link control in accordance with fiber amplifier (EDFA) is generally regarded as being 

the present invention; best suited for this wavelength, with a typical inter-am- 

^ plifier spacing of 40 km being considered suitable for an 

FIG. 2 is a block diagram of an investigative appa- optical fiber link such as link 14. 

ratus utilized to evaluate the effectiveness of link Essentially, the present invention is based on the 

control in accordance with the present invention; recognition by the inventors herein that the gain dynam- 
ics in a chain of optical amplifiers such, for example, as 

FIG. 3 is a graphical representation of the wave- io the erbium doped fiber amplifiers (EDFA's) deployed in 

length channel spectrum obtained at the link control link 14 of network 10, may be up to several orders of 

power tap in the investigative apparatus of FIG. 2; magnitude faster than those reported for a single ampli- 
fier According to the present invention, a technique for 

FIG. 4 is a graphical representation comparing the maintaining constant input power to all of the amplifiers 

bit error rates obtained with and without link control is in a link is utilized to ensure continued reliable sen/Ice. 

in accordance with the present invention while six in the sun^iving channels being transmitted along the 

or seven multiple wavelength channels were trans- link, when one or more wavelength channels are sud- 

mitted over the 560 km transmission span em- denly dropped or added, as may be experienced when 

ployed in the investigative apparatus of FIG. 2; and a system reconfiguration or fault occurs. 

20 In the illustrative embodiment of the invention de- 
FIG. 5 is a graphical representation comparing the picted in FIG. 1, link control according to the present 
power excursions observed in a surviving wave- invention is implemented by a feedback arrangement 
length channel, with and without the control channel that includes a power tap 1 8, a photodetector 20, a con- 
operating to maintain constant power over the test trol circuit 22 that responds to fluctuations in the trans- 
transmission span. 25 mitted power level detected by the photodetector 20 by 

adjusting an output error signal which, in turn, controls 

DETAILED DESCRIPTION OF THE INVENTION the output power level of optical source 24 -illustratively 

a semiconductor laser -- which outputs a control signal 
An illustrative, large-scale optical communications at a wavelength that is within the gain band of the 
network 10 is shown in FIG. 1 . Initially it should be noted 30 optical amplifier. The thus generated control channel 
that although a wavelength division multiplexed (WDM) is then introduced back into the link as, for example, by 
network is shown and described in detail, such descrip- a wavelength selective coupler 26. As will be readily ap- 
tion is by way of illustrative example only It should, in predated by those skilled in the art, by controlling the 
fact, be readily appreciated by those skilled in the art power level of the control channel, it is possible to main- 
from the discussion which follows that the teachings of 35 tain the power level of the optical signal supplied to 
the present invention are equally applicable to other some or all of the optical amplifiers in a given link (de- 
multiplexed optical networks such, for example, as time pending, of course, upon where the control channel is 
division multiplexed (TDM) networks. introduced). In the illustrative embodiment of FIG. 1 . the 
In any event, and as seen in FIG. 1 , wavelength di- feedback control circuit Is implemented before the first 
vision multiplexed data is transmitted on multiple wave- 4o amplifier (amplifier 1 6a) so that the optical power input 
lengths or channels between a plurality of network rout- to all of the optical amplifiers is maintained at a substan- 
ing elements -- illustratively, cross-connect switches tially constant level. 

(XC) - that are distributed throughout the network 10 Preferably, the control channel is stripped off at the 

and interconnected by optical fiber links. Although an next wavelength routing NE to prevent improper loading 

optical communications network such as network 10 of downstream links. This is easily achieved either by 

may, in fact, include hundreds of such network routing addition of another fitter or as a byproduct of the filtering 

elements, onlythreesuch switches -indicated generally action of the demultiplexers commonly located in NEs. 

at 12a, 12b, and 12c -are shown for purposes of clarity Advantageously, the amplifiers between wavelength 

and ease of illustration. routing NE's require no special control circuitry or mod- 

With continued reference to FIG. 1 , it will be ob- so ification since control is handled on a llnk-by-link basis, 

served that the optical fiber links between a pair of net- An experimental setup for the demonstration of link 

work elements, as for example, link 14 that intercon- control surviving channel power protection is illustrated 

nects cross-connect switches 12a and 12c, typically in- in FIG. 2. The outputs of seven tunable lasers tuned to 

eludes many optical amplifiers -- these being indicated MONET channel wavelengths as shown were com- 

generally at 16a through 16n. The type and spacing of ss bined, five through a fused fiber coupler and the other 

the optical amplifiers employed along the link will, of two through a second coupler, and each group was am- 

course. depend upon the wavelength band to be utilized plified. The output of the five lasers was passed through 

for transmission. A typical wavelength band of interest an acousto-optic modulator to simulate the loss and ad- 
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dition of these channels and then combined with the oth- 
er pair in a 2x2 coupler. The channels were then mod- 
ulated at 2.5 Gb/s. 

The (ink control channel (X^rlSSA nm) was then 
added before the first amplifier in the link using a circu- 
lator and Bragg grating. A spectrum showing the signal 
channels and control channel when all channels are 
present is shown in FIG. 3. In an actual system, the grat- 
ing Bragg wavelength should be chosen close to, but 
outside of, the band of signal channels so as to pemiit 
use of the full complement of signal channels. A portion 
of the total power of the signal channels and the control 
channels was tapped off and detected. A fast feedback 
circuit was used to adjust the line control channel's pow- 
er to maintain the total power constant. The signal chan- 
nels and control channel were then transmitted through 
seven amplified spans of standard single mode fiber 
wrth a total length of 570 km and passed through a band- 
pass filter to select channel 7, the bit error rate of which 
was monitored. 

Measurements were carried out in which all seven 
signal channels were transmitted and in which channels 

1 , 2, 3. 5, 7 and 8 were transmitted. When channels 1 , 

2, 3, 5 and 8 were modulated on and off with a frequency 
of 1 KHz (FIG. 4) surviving channel 7 suffers a penalty 
exceeding 2 dB for seven channel transmission (two 
surviving channels) and 3 dB for six channel transmis- 
sion (one surviving channel) due to the induced cross 
saturation. Finally, measurements were carried out with 
the control channel operating to maintain constant pow- 
er through the link. The results of these measurements 
are shown in FIG. 5. Without control, channel 7 suffers 
large power excursions which degrade the BER per- 
formance due to optical nonlinearities in the transmis- 
sion fiber. With fast link control according to the present 
invention in operation, on the other hand, the power ex- 
cursions are mitigated. The feedback circuit utilized in 
the investigational apparatus of FIG. 2 limits the power 
increase after 4 |is; a faster circuit would limit the power 
excursions even more effectively. Even with the present 
control circuit, Channel 7 is successfully protected (see 
FIG. 4); penalties are reduced to a few tenths of a dB 
and the error floors disappear. 

As will be readily ascertained by those skilled in the 
art, the link control technique of the present invention is 
fast; changes in channel loading result in prompt chang- 
es in a link's total power -- permitting much faster detec- 
tion and response than schemes which rely on detecting 
the much slower changes in channel output power, gain 
or ASE in individual EDFA's (which are much slower 
than the transients in EDFA networks). Performing cor- 
rections on a per link basis rather than a per amplifier 
basis simplifies the required hardware, does not in- 
crease the complexity of the network's EDFA's and is 
well suited to the architecture of wavelength routed net- 
works. 

An additional benefit of link control according to the 
present invention is the cancellation of modulation of the 



total power arising from the information content of the 
signal channels. The faster transient response of long 
chains of amplifiers will result in cross talk due to cross 
saturatton in the amplifier chains up to much higher fre- 

5 quencies than would occur for single amplifiers, as high 
as 10 MHz for large networks. The link control channel 
eliminates this crosstalk by eliminating modulation in the 
total power for the range of frequencies at which cross 
saturatbn will occur Other advantages include detec- 

10 tion of changes in channel loading, speed limited only 
by feedback circuit, simpler implementation requiring 
less hardware, less management and no changes to the 
amplifiers and cancellation of low frequency channel 
power variations. 

IS From the foregoing, it should be readily ascertained 
by those skilled in the art that the invention is not limited 
by the embodiments described above which are pre- 
sented herein as examples only but may, in fact, be 
modified in various ways within the scope of protection 

20 as defined by the appended patent claims. 



Claims 

2S 1. A method of operating an optical communication 
network including at least one optical communica- 
tion path having at least one input terminal and at 
least one output terminal and a plurality of optical 
amplifiers along the at least one optical communi- 

30 cation path, comprising: 

transmitting multiplexed optical signal channels 
along a communication path of the network; 
introducing an optical control channel into the 

35 at least one communication path, said optical 

control channel being at a wavelength in the 
gain band of the optical amplifiers; and 
adjusting the power level of the optical control 
channel in response to a change in the power 

40 of at least one of the signal channels. 

2. The method of claim 1 , wherein the optical control 
channel passes through at least two optical ampli- 
fiers in the communication path, at least some of 
■^5 the optical amplifiers are rare-earth doped optical 
fiber amplifiers, and said adjusting step is per- 
formed within 100 ^isec of a change in signal chan- 
nel power 

so 3. The method of claim 1 or claim 2, wherein said ad- 
justing step includes monitoring the total signal 
power level in all of the optical signal channels, and 
wherein wavelength division multiplexed signals 
are transmitted during said transmitting step. 

55 

4. The method of claim 1 or claim 2, wherein time-di- 
vision multiplexed signals are transmitted during 
said transmitting step. 
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5. The method of any of the preceding claims, further 
including a step of selectively routing at least one 
of the optical signal channels from a first channel 
routing element to a second channel routing ele- 
ment to thereby establish the communication path 5 
between an input terminal and an output terminal of 
the optlcai conhmunrcation network, 

6. The method of any of claims 1 to 4, further including 
astepof selectively routing, using at least one chan- fo 
nel routing element, at leastone of the optical signal 
channels to thereby establish the communication 
path between* an input terminal and an output ter- 
minal of the optical communication network, where- 
in the channel routing element is selected from the ?5 
group consisting of fixed or reconfigurable wave- 
length-selective crossconnects, fixed or reconfig- 
urable wavelenglh-add/drop multiplexers, fixed or 
reconfigurable wavelength routers, and fixed or 
reconfigurable wave length -interchanging cross- 20 
connects. 

7. The method of any of the preceding claims, wherein 
the adjusting step is performed when one or more 
optical signal channels are added or dropped as a 2s 
result of network reconfigurations or faults. 

8. An optical communication network including at least 
one optical communication path having at least one 
input terminal and at least one output terminal and 30 
a plurality of optical amplifiers along the at least one 
optical communication path, comprising means ar- 
ranged to carry out a method as claimed in any of 

the preceding claims. 

35 

9. An apparatus for controlling a plurality of optical am- 
plifiers disposed along an optical communication 
path, comprising: 

means for introducing an optical control chan- 40 
nel into the at least one communication path, 
said optical control channel being at a wave- 
length in the gain band of the optical amplifiers; 
and 

means for adjusting the power level of the op- -^5 
tical control channel in response to a change in 
the power of at least one of the signal channels. 

10. The apparatus of claim 9, further including a chan- 
nel routing element selected from the group consist- so 
ing of Fixed or reconfigurable wavelength-selective 
crossconnects, fixed or reconfigurable wavelength- 
add/drop multiplexers, fixed or reconfigurable 
wavelength routers, and fixed or reconfigurable 
wavelength-interchanging crossconnects. ss 
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